Three insecticidal toxin complex (tc)-like genes were identified in Vibrio parahaemolyticus 13-028/A3, which can cause acute hepatopancreatic necrosis disease in penaeid shrimp. The three genes are a tcdA-like gene (7710 bp), predicted to code for a 284-kDa protein; a tcdB-like gene (4272 bp), predicted to code for a 158-kDa protein; and a tccC3-like gene (2916 bp), predicted to encode a 107-kDa protein. All three predicted proteins contain conserved domains that are characteristic of their respective Tc proteins. By RT-PCR, all three tc-like genes were found to be expressed in this bacterium. Through genome walking and the use of PCR to join contigs surrounding these three genes, a genomic island (87 712 bp, named tc-GIvp) was found on chromosome II localized next to the tRNA Gly. The GC content of this island, which is not found in other Vibrio species, is 40%. The tc-GIvp is characterized to have 60 ORFs encoding regulatory or virulence factors. These include a type 6 secretion protein VgrG, EAL domain-containing proteins, fimbriae subunits and assembly proteins, invasin-like proteins, peptidoglycan-binding proteins, and Tc proteins. The tc-GIvp also contains 21 transposase genes, suggesting that it was acquired through horizontal transfer from other organisms.
Introduction
Insecticidal toxin complex (Tc) family proteins were first identified in Photorhabdus luminescens, a bacterium that has a symbiotic relationship with entomopathogenic nematodes of the family Heterorhabditidae (Bowen et al., 1998; Waterfield et al., 2001) . Later, Tc homologues were also found in a number of other Gram-negative bacteria including Xenorhabdus spp., Yersinia spp., Pseudomonas spp., and Serratis spp. (Tennant et al., 2005; Dodd et al., 2006; Fuchs et al., 2008) . In insects, the target tissue of insecticidal toxicity is the midgut. For P. luminescens, the bacteria colonize within an area between the extracellular matrix and the basal side of the midgut epithelium, then secrete a group of high molecular weight Tc proteins, along with other virulence factors such as lipases and proteases, and cause degeneration of the insect's midgut epithelium, cessation of feeding, and mortality within 24-48 h.
The Tc proteins in general comprise three different subunits, TcA, TcB, and TcC, with molecular weights of c.
285, 170 and 107 kDa, respectively (ffrench-Constant & Waterfield, 2005) . In P. luminescens, Tc proteins are formed with a 5 : 1 : 1 stoichiometry of the A, B, and C subunits; subunit A forms a cage-like pentamer that associates with a tightly bound 1 : 1 subcomplex of B and C (Lee et al., 2007; Landsberg et al., 2011; Gatsogiannis et al., 2013; Meusch et al., 2014) . The pentameric A subunits bind to the membranes of the midgut epithelial cells, enter the cells, and then release the BC subcomplex into the host cell's cytosol (Landsberg et al., 2011; Sheets et al., 2011) . The C subunit is shown to modify the host's cellular actin and Rho GTPase through its ADP-ribosyltransferase activity (Lang et al., 2010) ; this results in cytoskeleton disorganization.
Since 2009, acute hepatopancreatic necrosis disease (AHPND, also known as early mortality syndrome, EMS) has caused significant mortality, up to 100%, in populations of penaid shrimp cultured in SE Asia and in Mexico. The causative agent has been identified as the bacterium Vibrio parahaemolyticus, and in particular, strain 13-028/A3 has been determined to be pathogenic by laboratory bioassays (Tran et al., 2013) . Its whole genome was sequenced, and we found there are three genes homologous with tc genes. We characterized these three tc-like genes and analyzed their upstream and downstream genes to determine whether they are associated with other virulence genes, and to see whether they are located within the bacterial genome or within an extrachromosomal genetic element.
Material and methods

Bacterial strains and culture
The V. parahaemolyticus 13-028/A3 was isolated from the stomachs of AHPND-affected shrimp collected in Vietnam, and determined to be the causative agent by laboratory bioassays (Tran et al., 2013) .
DNA isolation, whole genome sequencing, and assembly
Vibrio parahaemolyticus 13-028/A3 was inoculated into TSB+ broth (tryptic soy broth with 2% NaCl) and grown overnight at 28°C with gentle (100 r.p.m.) shaking. Then, the culture was centrifuged at 5000 g for 5 min, and the pellet was resuspended in 500 lL TE (Tris-HCl, pH 8.0, 1 mM EDTA) buffer. The bacterial suspension was treated with lysozyme (400 lg mL À1 ), sodium dodecyl sulfate (10%) and proteinase K (20 mg mL À1 ); then, DNA was purified with a phenol-chloroform-isoamyl alcohol extraction followed by ethanol precipitation (modified from Neumann et al., 1992) . The DNA was sequenced on the Ion Torrent PGM system (Life Technologies), which yielded 416.38-Mb sequenced bases (c. 83-fold coverage of a c. 5.0-Mb genome). The GC content was 45.3%. These reads were de novo assembled with CLCbio Genomics workbench 6.03 (CLC Bio) to generate 290 contigs with length > 200 bp, the draft genome is deposited into NCBI (GenBank no. JOKE00000000.1). These contigs were uploaded into the Rapid Annotation using Subsystem Technology (RAST) server (Overbeek et al., 2014) for annotation.
Genome walking, PCR, and sequence analyses
To extend and fill in the gaps between the contigs surrounding the insecticidal tc-like genes, V. parahaemolyticus 13-028/A3 DNA was used to construct an adaptorligated genomic library with the GenomeWalker Universal kit (BD Biosciences Clontech). Gene-specific primers were selected from 5 0 and/or 3 0 end of each contig; adaptorspecific primers (AP1 and AP2) were provided with the kit. PCRs were performed with PuReTaq Ready-To-Go PCR beads (GE Healthcare). The amplicons were purified and sequenced to fill the gaps or to confirm the joining between contigs.
The identification of tRNA was performed with the TRNA SCAN-SE program (Lowe & Eddy, 1997) . The open reading frame was predicted using the open reading frames (ORF) finder program at NCBI website. The searches for conserved domain, protein family/superfamily, and significant similarity between nucleotide sequences (and their translated amino acids) were performed using BLAST at NCBI website. The search for the prophage sequences was performed using PHAST (Zhou et al., 2010) .
RNA extraction and RT-PCR detection of tc-like genes expression
Vibrio parahaemolyticus 13-028/A3 bacteria were cultured in TSB+ broth overnight at 28°C to reach a density of 9 9 10 8 cells mL
À1
; then, the bacteria were pelleted at 5000 g for 5 min. The pellet bacteria were incubated with lysozyme solution for 10 min and followed by RNA extractions using a High-Pure RNA extraction kit (Roche). The rTth DNA polymerase (Life Technologies) was used for RT-PCR analyses with five pairs of primers targeting three tc-like genes (see Table 1 ). The extracted RNA was reverse-transcribed at 60°C for 30 min, and the PCR was initiated at 94°C for 2 min, followed by 40 cycles of 94°C for 15 s, 60°C for 1 min, ending with 60°C for 5 min. Following the RT-PCR, an aliquot of the reaction mixture was analyzed in a 1.5% agarose gel containing ethidium bromide and then photographed with an AlphaImager gel documentation system (Alpha Innotech).
Vibrio owensii whole genome sequence analysis
A draft genome sequence (GenBank no. BAOH00000000. 1) of V. owensii CAIM 1854 (synonym: V. owensii DY05) was used for sequence comparison of tc-like genes. This bacterium was collected from north Queensland of Australia and has been shown to be pathogenic to spiny lobster (Panulirus ornateus) larvae (Goulden et al., 2012) . Its genome sequence was annotated by RAST and searched for tc-like genes by BLASTP.
Results and discussion
Insecticidal tc genes
We sequenced, assembled, and annotated the whole genome of V. parahaemolyticus 13-028/A3 using RAST. The results showed one contig (29 kb, at its 3 0 end) containing ORFs homologous to three insecticidal Tc proteins: TcdA, TcdB, and TccC3. We extended this contig by genome walking, confirmed with PCR, and found that these tc-like genes are localized within a 15 938-bp region and are all oriented in the same direction. These genes are tcdA-like (7710 bp), tcdB-like (4272 bp), and tccC3-like (2916 bp). Following these three genes, there is a truncated tccC3-like gene (448 bp) with a 94% identity to the 5 0 end of tccC3-like gene (Fig. 1a , ORFs 40-43). These genes were translated into protein sequences, and searches were performed to identify homologues in other bacterial species. These proteins were most close to Tc proteins found in the V. owensii with identities of 86% (TcdAlike), 94% (TcdB-like), and 87% (TccC3-like) to their homologous proteins (Table 2) .
The TcdA-like protein has 2569 aa (284 kDa) containing a conserved domain, VRP1, which belongs to the Salmonella virulence plasmid 28.1-kDa A protein (Sal_SpvA) superfamily. This domain is located in the N-ter within the region of aa no. 18-228 (Fig. 1b) . The TcdA-like protein has 40-50% identities to those found in the Photorhabdus spp., Morganella spp., Yersinia spp., and others.
The TcdB-like protein has 1423 aa (158 kDa) containing 3 conserved domains ( Fig. 1b): (1) Salmonella virulence plasmid 65-kDa B protein (Sal_SpvB) starting from aa no. 31 to 319, this domain has a significant match to members of the SpvB superfamily; (2) insecticidal Tc TcdB middle/N-terminal region (TcdB_toxin_midN) starting aa no. 608 to 821; and (3) middle/C-terminal region (TcdB_Toxin_midC) spanned from aa no. 868 to 1015. This TcdB-like protein is shown to have 40-60% identities to those found in the wide range of bacteria, including Erwinia spp., Yersinia spp., Photorhabdus spp., Morganella spp., Peudomonas spp.
The TccC3-like protein has 971 aa (107 kDa) and has a 690 aa extended core (RhsA superfamily) at N-ter followed by a highly conserved, 81 aa, core domain (Rhs_assc_cor) (Fig. 1b) . The C-ter (aa no. 691-971) is the hypervariable region (hvr), it has 63-66% identities (E = eÀ99 to eÀ114) to 2 Tc proteins of Morganella morganii IS15 and Pseudomonas fluorescens. This protein has 53-75% identities to those found in various bacteria, including Yersinia spp., Shawanella spp., Morganella spp., Photorhabdus spp. The truncated TccC3-like protein (160 aa, 17 kDa) has a conserved domain of RhsA family protein.
In V. parahaemolyticus 13-028/A3, the TcdA-, TcdB-, and TccC3-like proteins are similar to TcA, TcB, and TcC, respectively, of P. luminescens. It remains to be determined whether or not the Tc-like proteins can form similar structures and modify the actin cytoskeleton in the affected hosts.
Expression of tc-like genes determined by RT-PCR
Expression of these tc-like genes was investigated by RT-PCR from the RNA extracted from V. parahaemolyticus 13-028/A3. We used five pairs of primers each targeting tcdA-(2 pairs, the second pair is for confirmation), tcdB-(two pairs), and tccC3-like genes (one pair), their target regions (in relation to gene locations) are shown in Fig. 1b . All 5 RT-PCR products were observed at expected sizes, ranging from 417 to 559 bp (Fig. 2) . This indicates that these three tc-like genes were expressed. There were no amplified products when the RT step was omitted.
tc genomic island (tc-GI)
To determine whether the tc-like genes are located in the chromosome, in a plasmid, or in part of a prophage genome, we extended the sequence of this 15.9-kb, tc-like genes containing, fragment through genome walking and PCR to its upstream and downstream contigs. A genomic island (named as tc-GIvp) was determined to be 87 712 bp (GenBank no. KJ468740); it starts with a tRNA Gly coding sequence at nt no. 1-75 and ends with a transposase-coding gene. A 7.7-kb continuous downstream sequence from tc-GIvp showed a 98% identity to V. parahaemolyticus O1: K33 str. CDC_K4557 chromosome II (nt no. 636956-644745, GenBank no. CP006007.1). Therefore, this tc-GIvp is located within chromosome II. Furthermore, no prophage sequence was found within this tc-GI by PHAST search. By BLASTP searches, no plasmid related genes, such as plasmid mobilization and structural proteins, were found. The GC content of this GI is 40%, which differs from the average 45% of the V. parahaemolyticus genome. This 87-kb tc-GI, which contains virulence factors and regulatory genes, was apparently a recent insertion into the V. parahaemolyticus genome based on its lower GC content and the presence of transposase-coding genes. The BLASTN searches with the 87-kb sequence did not reveal any significant matches from other organisms, only c. 14 kb (16% of the 87 kb) showed significant matches to transposase-coding sequences (purple-colored ORFs in Fig. 1a) in Vibrio species. However, the tcdA-and tcdBlike genes showed > 93% identities with those found in V. owensii DY05, but there is no tccC3-like gene found in this strain. The origins of other genes within this GI are not clear.
Among the 21 transposase-coding ORFs, ORFs 4-9 and ORFs 21-26 are within inverted repeats of a 4.2-kb fragment. The other transposase-coding ORFs appear scattered through the tc-GIvp. Several tc genes show signs of horizontal acquisition and are associated with transposase-like or prophage-like genes (Dodd et al., 2006; Yang et al., 2006) . The presence of transposase genes in tc-GIvp suggests that it may be highly mobile.
Through ORF finder analysis, 60 ORFs (size > 100 aa, including the three tc-like genes) were identified ( Fig. 1a and Table 2 ). There are 21 transposase-coding ORFs those have the highest identities (90-99% in amino acid sequence) to their homologous proteins. There are 18 ORFs those are annotated as hypothetical proteins. The BLASTP analysis showed another 18 ORFs those may be related to the bacterial pathogenicity. These include (1) a type VI secretion protein VgrG; (2) three EAL domaincontaining proteins; (3) six fimbriae subunits and assembly proteins; (4) two invasin-like proteins; (5) two peptidoglycan-binding proteins; and (6) four Tc-like proteins. These proteins are known to be involved in the colonization, penetration of epithelial cells, and the delivery of toxins to the target cells (Pizarro-Cerda & Cossart, 2006; Russell et al., 2011) . These ORFs were analyzed for their conserved domains, protein families/superfamilies, and possible functions.
Type 6 secretion system protein
The first ORF (ORF1) following the tRNA Gly encodes a type 6 secretion system (T6SS) protein VgrG (Valine-Glycine Repeat Protein G). It contains a Phage_GPD (phage late control gene D protein) domain at N-ter followed by a Phage_base_V domain. It had > 60% identities to the homologous proteins of several Vibrio spp. including V. parahaemolyticus (62% identity) and most related to that found in V. owensii (88% identity). This gene appears to be an orphan VgrG and is localized out of 2 T6SS gene clusters, of which one is at chromosome I and another is at chromosome II. The 2 VgrG proteins associated with T6SS gene clusters showed 31% and 62% identities toward the orphan VgrG protein.
EAL domain-containing proteins
ORF11, 39, and 57 are EAL domain-containing proteins with 16-32% identities to the members of EAL superfamily. ORF11 may encode a diguanylate (di-GMP) phosphodiesterase, and its EAL domain is located at C-ter half of the protein. ORF39 is a putative histidine kinase, and its EAL domain is also located at the C-ter half and associated with a CSS-motif at N-ter. ORF57 is a smaller, putative diguanylate phosphodiesterase with an EAL domain.
These EAL domain-containing proteins are known to involve in signal transduction; the histidine kinase can play a role as an extracellular sensor in the two-component system (TCS) (Stock et al., 2000) . The diguanylate phosphodiesterase is known to be a response regulator for the production of a second messenger, such as c-di-GMP. The signal transduction pathway regulates and controls the expression of virulence genes, chemotaxis responses, bacterial motility, secretary system, biofilm formation, and many other functions (Simm et al., 2004; Cotter & Stibitz, 2007; Tamayo et al., 2007; Hengge, 2009 ).
Invasin-like proteins
ORF13 and ORF52 encode large invasin-like proteins. ORF13 protein was found to be an extracellular protein by a proteomics analysis (K.F.J. Tang, L. Tran, D.V. Lightner, unpublished data). This protein is similar (27-29%, up to E = 2eÀ32) to invasin proteins found in V. campbellii and V. metschnikovii. It may play a relevant role in pathogenicity by increasing the permeability of target tissues. ORF52 has a 27% identity to the ORF13 protein at first 600 aa, and it contains a domain of BID_1 (bacterial immunoglobulin-like domain, group 1). This protein has significant similarity (up to 45%, E = 1eÀ123) to several bacterial Ig-like domain family proteins in the Vibrio spp. and is 27-28% similar to invasin proteins in V. campbellii ATCC BAA-1116 and V. metschnikovii.
Peptidoglycan-binding proteins
ORF14 and ORF51 may encode peptidoglycan-binding proteins. ORF14 can encode a protein with a LysM (peptidoglycan-binding lysine protein) domain at C-ter. ORF51 protein has an OMP_b-brl domain at N-ter and a LysM domain at C-ter. These proteins have significant identities to homologous proteins of V. tubiashii, V. crassostrree, and V. splendidus. The LysM is found in the bacterial surface proteins and is generally involved in the degradation of bacterial cell wall (Joris et al., 1992) as well as other functions, such as bacterial pathogenesis.
Fimbriae subunits and assembly proteins
There are six putative fimbriae-related proteins, which may have a function in bacterial colonization. ORF 17 can encode a putative fimbriae assembly protein with a FimD domain. The FimD domain-containing protein is an usher protein and is necessary for assembly Escherishia coli type 1-like fimbriae (Klemm & Christiansen, 1990 
tc-like genes in Vibrio owensii DY05
We found Tc-like proteins in V. owensii and analyzed the tc-like genes in strain DY05, which is known to cause mass mortalities in the phyllosoma stages of the ornate spiny lobster (Goulden et al., 2012) . In this bacterium, two genes, tcdA-(8976 bp) and tcdB-like (4272 bp), are located in a 13-kb region (within GenBank no. BAOH00000127). These genes are 50 bp apart, oriented in the same direction, and have a GC content of 47%. These features are the same as the tcdA-and tcdB-like genes in V. parahaemolyticus 13-028/A3. The nucleotide sequence identities are 93% and 95%, respectively, for tcdA-and tcdB-like genes in these two bacteria. The proteins encoded by these two genes are highly similar (85% and 94% identities) between these two bacteria. However, the bacteria differ in the presence of a third Tc protein component. We were not able to locate the TccC3-like protein sequence in V. owensii DY05. Instead, a YenC1-like (386 aa encoded by a 1.3-kb gene fragment, GenBank no. BAOH01000254) and a YenC2-like (388 aa encoded by another 1.3-kb gene fragment, BAOH01000262) proteins were identified in V. owensii DY05. Homologues of these 2 YenC-like proteins were not found in V. parahaemolyticus 13-028/A3 by BLASTP searches. Both YenC-like proteins contain a Rhs_assc_cor domain in the first 84 aa, but are otherwise different. One of them, the YenC1-like protein, has a cytotoxic necrotizing factor (CNF1), Rho-activating domain. The role of tc-like genes in AHPND
We found that tc-like genes are expressed in the bacterium V. parahaemolyticus 13-028/A3, a pathogenic strain of AHPND. However, these genes are not found in four other pathogenic V. parahaemolyticus strains collected in Thailand and Mexico (see GenBank no. deposited by Gomez-Gill et al., 2014; Kondo et al., 2014) . Thus, these genes are not required for AHPND to manifest, and their contribution to bacterial virulence, if any, is unknown.
